The Drosophila Homothorax (HTH) and Extradenticle (EXD) are two homeoproteins required in a number of developmental processes. EXD can function as a cofactor to Hox proteins. Its nuclear localization is dependent on HTH. In this study we present evidence of in vivo physical interaction between HTH and EXD, mediated primarily through an evolutionarily conserved MH domain in HTH. This interaction is essential for the mutual stabilization of both proteins, for EXD nuclear localization, and for the cooperative DNA binding of the EXD± HTH heterodimer. Some in vivo functions require both EXD and HTH in the nucleus, suggesting that the EXD±HTH complex may function as a transcriptional regulator. q
Introduction
The Hox proteins play crucial roles in animal development. They contain a conserved DNA-binding domain, the homeodomain (HD), and act as transcriptional regulators. Hox genes determine the identity of body segments in Drosophila. Hox genes' mutations may change the developmental fate of one segment into that of another segment (for review see McGinnis and Krumlauf, 1992) . Due to Hox proteins' functional speci®city, one would expect that the different Hox proteins bind to distinct DNA targets. However, in vitro, most Hox proteins bind to very similar DNA sequences with similar af®nities (for review see Mann, 1995) . Thus the Hox proteins may cooperate with cofactor proteins to change Hox proteins' DNA-binding speci®city.
The extradenticle (exd) gene in Drosophila encodes an HD-containing protein (Rauskolb et al., 1993) . Mutations in exd cause homeotic transformation of the embryonic segments (Peifer and Wieschaus, 1990) . This phenotype is due to an effect on the activity, and not the expression, of the Hox genes Ultrabithorax (Ubx) and Antennapedia (Antp) (Peifer and Wieschaus, 1990; Rauskolb et al., 1993) . EXD can act as a homeotic cofactor by forming heterodimers with Hox proteins and altering their choice of DNA targets (for review, see Mann and Affolter, 1998) . One level of regulation for EXD function is at its nuclear localization (Mann and Abu-Shaar, 1996; Aspland and White, 1997) . This regulation is functionally important because mutant clonal analyses indicate that exd function is required only in those regions where EXD is nuclear (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995) , which is expected for a transcriptional cofactor.
homothorax (hth) encodes a protein with a HD similar to the HD of EXD (Rieckhof et al., 1997; Pai et al., 1998; Kurant et al., 1998) . hth is required for a number of developmental functions. hth mutants are embryonic lethal and are defective in head involution, thoracic and abdominal segmentation, and patterning of sensory organs and the central nervous system (Rieckhof et al., 1997; . Mutant clones in adult¯ies cause antenna-toleg transformation, ectopic eye formation in the ventral head, and a defect in the development of proximal leg segments Casares and Mann, 1998) . These adult clonal phenotypes are nearly identical to those of exd (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995) , suggesting that hth and exd act in the same regulatory pathway. The expression pattern of hth coincides with that of nuclear EXD (nEXD). Experiments show that hth is required for, and suf®cient to induce, EXD nuclear localization (Rieckhof et al., 1997; Casares and Mann, 1998; Kurant et al., 1998; Pai et al., 1998) .
Both exd and hth have homologous genes in vertebrates. Pbx1, Pbx2 and Pbx3 are vertebrate exd homologs. Together with ceh-20 and two other distantly related genes from Caenorhabditis elegans, these genes form the PBC gene family (Burglin, 1998) . Two regions are conserved in these proteins: the homeodomain and a bipartite PBC domain upstream of the HD (Burglin and Ruvkun, 1992; Burglin, 1998) . Posttranscriptional regulation of PBX proteins has been reported (Knoep¯er and Kamps, 1997a) . The PBX1 protein in mouse limb is nuclear in proximal cells and cytoplasmic in distal cells (Gonzalez-Crespo et al., 1998) , similar to the distribution of EXD in the antenna and leg discs (Gonzalez-Crespo and Morata, 1995; Rieckhof et al., 1997; Pai et al., 1998) . Meis1, Meis2, Meis3 and a less related Prep1 are vertebrate hth homologs (Moskow et al., 1995; Steelman et al., 1997) . These hth homologs de®ne a Meis gene family which also includes ceh-25 from C. elegans (Burglin, 1997) . Two regions are conserved in these proteins: the N-terminal MH (for Meis and Homothorax) domain (Fig. 1 ) and a Cterminal region including the HD (Rieckhof et al., 1997; Pai et al., 1998; Kurant et al., 1998) .
In addition to interacting with Hox proteins, vertebrate PBX also interacts with MEIS1 and PREP1, forming stable heterodimers even in the absence of DNA. In the presence of a DNA target, the heterodimers show cooperative DNA binding activity, with PBX binding to the 5 H half site and HOX, MEIS1 or PREP1 binding to the 3 H half site (Chang et al., 1997; Knoep¯er et al., 1997; Berthelsen et al., 1998b,c; Bischof et al., 1998) . The optimal binding sites for PBX± HOX, PBX±MEIS1 and PBX±PREP1 complexes are different (reviewed in Mann and Affolter, 1998) . Since PBX interacts with HOX and with MEIS1/PREP1 via different regions, these proteins can also form a ternary complex with enhanced DNA binding activity (Berthelsen et al., 1998c; Jacobs et al., 1999; Shen et al., 1999) . Rieckhof et al. (1997) showed that HTH and MEIS1 can directly interact with EXD in vitro. This interaction requires the PBC-A domain of EXD (Abu-Shaar et al., 1999) . EXD has a nuclear export signal (NES) which dominates over a nuclear localizing signal (NLS). In the absence of HTH, EXD is exported out of the nucleus by a Leptomycin Bsensitive export pathway, suggesting that CRM1-related components are involved. Interaction with HTH shifts the balance between NES and NLS and results in the nuclear localization of EXD (Abu-Shaar et al., 1999; L.-R.Y. and Y.H.S., unpublished results) . In this study, we show that the interaction with EXD primarily requires the MH domain of HTH. This interaction is essential for the mutual stabilization of both proteins in vivo, for EXD nuclear localization, and for EXD±HTH cooperative DNA binding activity. We also show that some biological functions require both proteins in the nucleus, while some function require only nEXD. Our results also suggest that the EXD±HTH complex can act as a transcriptional regulator independent of Hox proteins.
Results

In vivo testing HTH-induced EXD nuclear localization
Several HTH mutant constructs (Fig. 2) were made to determine which domain is required for EXD nuclear localization. To assess the ability of HTH in inducing EXD nuclear localization, the HTH mutant constructs were expressed using the UAS±GAL4 system (Brand and Perrimon, 1993) in two different cell types: the eye ®eld of larval eye disc, and the larval salivary gland.
We have previously shown that HTH and nEXD are not detected in the eye ®eld in third instar larval eye disc . When EXD expression is induced using the GMR-GAL4 driver, EXD is cytoplasmic. When HTH and EXD were coexpressed, both proteins were nuclear. Knoep¯er et al., 1997, or HR1 and HR2 in Berthelsen et al., 1998b) are highly conserved. The KRDK and IQVL residues involved in the HTH mutants are underlined. The sequences are from GenBank: mouse MEIS1 (U33629), MEIS2a (U57343) and MEIS3 (U57344), Xenopus MEIS1-1 (U68386), HTH (AF035825), human PREP1 (U69727) and C. elegans CEH-25 (AJ000533).
In third instar larval salivary gland, neither the HTH protein nor hth-lacZ expression were detected ( Fig. 4A and data not shown). A very low level of cytoplasmic EXD can be detected in the proximal cells but not in the distal cells of the gland (data not shown). A B19-GAL4 line was used to drive expression in the larval salivary gland cells. When exd was ectopically expressed in salivary gland, cytoplasmic EXD protein was detected in the proximal and distal gland cells (Fig. 4C) . The signal is stronger in the proximal cells than in the distal cells. When hth and exd were coexpressed, both proteins were located in the nucleus in all gland cells (not shown).
These results show that both cell types can be used to test the ability of the different HTH mutant constructs in inducing EXD nuclear localization. The salivary gland, which has large cells with large nucleus, gave particularly clear results.
The conserved MH domain of HTH is required for EXD nuclear localization
Two HTH deletion constructs were tested ( Fig. 2) : DMH deletes residues 31±312, which include the conserved MH domain (residues 91±219), and DHD deletes residues 299± 459, which include the HD (residues 368±428). DHD was still capable of inducing EXD nuclear localization (Figs. 3A and 4E) , indicating that the region deleted is not required for this function. DMH lost the ability to induce EXD nuclear localization (Figs. 3B and 4F) , suggesting that the MH domain is required for EXD nuclear localization.
In salivary gland, both DMH and DHD proteins were located in the nucleus (Fig. 4E,F) . The observation that DMH was itself nuclear indicates that HTH can enter the nucleus independently of EXD. Since only the 30 N-terminal residues (1±30) and the 28 C-terminal residues (460± 487) are shared between DMH and DHD, it is possible that a nucleus localization signal (NLS) is located in one of these two regions. However, no sequence in these two regions ®ts the canonical NLS motif (Dingwall and Laskey, 1991) . Therefore it is likely that HTH has two independent NLS, one located within residues 91±219 and another in residues 368±428. The two best match of NLS motif were indeed found in these two regions: KRDK (residues 91±94, at the N-terminal end of MH) and KKNQKKR (residues 363±369, at the N-terminal end of HD). In the eye ®eld DMH, although still retaining the putative NLS in HD, was primarily cytoplasmic (Fig. 3B) . The different distribution in (Fig. 4F ), but cytoplasmic in eye ®eld cells (Fig. 3B ). In the DMH-expressing cells, EXD is undetectable in salivary gland (Fig. 4F ) and cytoplasmic in the eye ®eld cells (Fig. 3B) . The misexpression phenotypes are schematically represented: reduction of eye size, absence of arista, leg distal truncation and bifurcation. Results on protein interaction were summarized from GST pull-down (Fig. 5A ) and yeast two-hybrid (Fig. 5B,C) experiments. The number of plus signs indicates the strength of interaction as determined by the quantitative two-hybrid assay (Fig. 5C ). Results on cooperative DNA binding with EXD in EMSA were based on Fig. 4 . different cells suggests that the remaining NLS function in DMH is weak and is in¯uenced by other factors.
To further de®ne the regions in HTH required for EXD nuclear localization, mutations ( Fig. 2) were introduced in the two conserved motifs of the MH domain (M1: residues 90±115; M2: 160±180; Knoep¯er et al., 1997) . The KRDK mutant has the KRDK (a putative NLS) in M1 changed to NTNE, and the IL/AA mutant has the IQVL in M2 changed to AQVA. Identical mutations in MEIS1 disrupted the dimerization of MEIS1 with PBX1 (Knoep¯er et al., 1997) . While both KRDK and IL/AA mutants were still capable of inducing EXD nuclear localization (Figs. 3C,D and 4G,H), a mutant carrying both KRDK and IL/AA mutations (named KI) failed to induce EXD nuclear localization (Figs. 3F and 4J). The KRDK and IL/AA mutations probably only partially affected the HTH±EXD interaction. Only in combination do they strongly affected the HTH±EXD interaction. This is supported by yeast two-hybrid and GST-pull down analyses (see below). These results suggest that interaction via the MH domain is required for inducing EXD nuclear localization. Another double mutant, KDHD (carrying both KRDK and DHD), has lost both putative NLS. It is primarily cytoplasmic as expected (Figs. 3E and 4K), although some signal colocalized with DNA in a fraction of retinal cells (Fig. 3E ). EXD is likewise primarily cytoplasmic (Figs. 3E and 4L).
Although KI still has the weaker one (residues 363±369) of the two putative NLS, it is cytoplasmic (Figs. 3F and 4I). Similar to the cytoplasmic KDHD, the cytoplasmic KI also caused an elevation of cytoplasmic EXD level (Figs. 3F and 4J) , suggesting that the HTH±EXD interaction can occur in the cytoplasm and that the interaction stabilizes EXD (see later). When KI is coexpressed with a constitutively nuclear EXD (NLS±EXD, see Section 4), both proteins were located in the nucleus (Fig. 3G ). This result indicates that KI have suf®cient interaction with EXD to allow it being imported into the nucleus with the constitutively nuclear EXD. However, this interaction is weak (see later), and probably is not suf®cient to induce the conformational changes in EXD for nuclear localization, and resulted in KI's retention in the cytoplasm along with EXD.
HTH binds EXD directly via the MH domain
Using a GST pull-down assay, Rieckhof et al. (1997) have shown that HTH and EXD have direct physical interaction. This interaction requires the PBC-A domain of EXD (Abu-Shaar et al., 1999) . In the present study, we determined which part of HTH is required for interaction with EXD. GST±EXD can pull down full length HTH and DHD, but not DMH (Fig. 5A) . Similarly, in yeast two-hybrid assays, EXD can interact with full-length HTH and DHD but not with DMH (Fig. 5B,C) . These results indicate that the region deleted in DMH is required for the physical interaction with EXD, and the region deleted in DHD is not essential for the interaction.
Both KRDK and IL/AA mutants showed reduced but still signi®cant interaction with EXD in the GST pull-down assay ( Fig. 5A ) and in the yeast two-hybrid assay (Fig. 5B, C) , consistent with their in vivo ability in inducing EXD nuclear localization. KI showed binding to EXD in the GST pull-down assay (Fig. 5A) , but in the quantitative yeast two-hybrid assay showed a much reduced interaction (Fig. 5C ). In the two-hybrid assay, deletion of HD (comparing DHD vs. HTH and KDHD vs. KRDK) enhanced the interaction with EXD by about twofold (Fig. 5C ), suggesting that the HD (and/or its¯anking region) interfered with the MH±EXD interaction. However, in the GST pull-down Fig. 3 . HTH/EXD subcellular localization in the eye ®eld of eye disc. All hth (A±G) and exd (G) constructs were driven by the eye-speci®c GMR-GAL4. Late third instar larval eye-antenna discs were triple-stained for DNA (blue), anti-HTH (red) and anti-EXD (green). The left panels show merged signals from all three channels, while the center and right panels show signals from the red and blue channels, respectively, from the same image. (A) DHD, (B)DMH, (C) KRDK, (D) IL/AA, (E) KDHD, (F) KI, and (G) KI and NLS±EXD. assay, deletion of HD resulted in a reduction of binding to EXD (Fig. 5A) . The reason for the discrepancy between the two assays is not clear.
HTH±EXD interaction stabilizes both proteins
In the wild type salivary gland, there was no detectable HTH and only a very low level of cytoplasmic EXD (not shown). However, when HTH expression alone was induced, we also detected a high level of nuclear EXD (Fig. 4D) . When HTH was induced in the eye disc, elevation of nEXD was also observed . This elevated EXD level was not due to the concentration of diffuse cytoplasmic EXD into nucleus for two reasons. First, the increase in EXD signal was much higher than the volume ratio of cytoplasm to nucleus. The diameter of a salivary gland cell is about 2-to 2.5-fold longer than the diameter of the nucleus. Thus the volume ratio of cytoplasm to nucleus is about 7-to 15-fold. Yet the nEXD signal in HTH-expressing cells (Fig. 4B, right) is calculated to be 100±250-fold higher than the endogenous EXD level in the absence of HTH (Fig. 4B, left) . Second, while the KI and KDHD mutant proteins do not induce EXD nuclear localization, they signi®cantly enhanced the cytoplasmic EXD level (Figs. 3A,E,F and 4E,J,L). The elevated EXD level was also not due to transcriptional activation by HTH, since the DHD (without the HD), KI and KDHD (both cytoplasmic) have similar effects (Figs. 3E, F and 4J, L) . Similarly, . The signals in panels I±L were lower than in the panels D±H, and were enhanced. For all of the HTH constructs, there were usually weak HTH signals that are cytoplasmic or membraneassociated (e.g. see F). Panels C and D±L are 2£ and 4£ magni®cation of A and B, respectively. D±L show staining in the distal gland cells. Some glands expressing the transgene appear to be smaller than the wild-type glands, but the penetrance is low so the phenomenon was not analyzed. Rieckhof et al. (1997) showed that HTH carrying a mutation of the conserved Asn-51 residue in the HD, presumably unable to bind DNA and activate transcription, induced elevated nEXD level. These results strongly suggest that the effect is not at the level of transcription and is probably due to EXD±HTH protein interaction. In hth mutant clones, EXD is either undetectable or is cytoplasmic at low level (Casares and Mann, 1998; Pai et al., 1998) . exd transcription is not affected in hth mutant clones (Casares and Mann, 1998) , indicating that hth affects EXD level posttranscriptionally. Conversely, in exd mutant clones, HTH was also undetectable while hth transcription was not down-regulated (data not shown; Abu-Shaar and . Together, these results suggest that the HTH±EXD interaction is required to stabilize both proteins. In contrast to the strong interaction required for nuclear localization, a very weak interaction (as in KI) was suf®cient for the stabilization effect. DMH, without interaction with EXD, failed to stabilize EXD as expected.
HTH±EXD interaction enhances DNA binding
Like their vertebrate homologs PBX1 and MEIS1 (Knoep¯er et al., 1997) , neither HTH nor EXD alone detectably bound DNA (Fig. 7B, lanes 2,3) . However, HTH showed cooperative DNA binding with EXD (Fig. 6B , lane 8) or PBX1 (data not shown) in an electrophoretic mobility shift assay in which the DNA (TGATTGAC) contained the binding site for both EXD (TGAT) and HTH (TGAC).
The KRDK and IL/AA mutants showed similar cooperative DNA binding with EXD (Fig. 6B, lanes 9,10) . The KI and KDHD mutants showed no cooperative DNA binding with EXD (Fig. 6B, lanes 11,12) , suggesting that HTH± EXD interaction through the MH domain and DNA binding through the HTH HD are required.
In vivo functions
Ectopic expression of the full length HTH (driven by dpp-GAL4) causes several major phenotypes in adult¯ies : eyes are absent or very small, the arista of the antennae are missing, the third antennal segments are occasionally duplicated, and the distal leg segments are deleted, malformed, and occasionally bifurcated. We tested whether our mutant HTH constructs can cause any of these phenotypes in transgenic¯ies.
DMH caused no effect on antenna, eye and leg morphology (Fig. 7A±C) . Since DMH failed to induce EXD nuclear localization, it appears that nEXD is required to affect antenna, eye and leg development. Although DHD can induce EXD nuclear localization, it caused no effect on antenna and eye development (Fig. 7D,E) , suggesting that the HTH HD is required to affect eye and antenna development and nEXD alone is not suf®cient. DHD caused leg defects (Fig. 7F ) similar to those induced by full length HTH, indicating that the HTH HD is not required to affect leg development. When a NLS±EXD construct (see Section 4) was expressed, the FLAG-tagged NLS±EXD is located in the nucleus in the absence of HTH (Fig. 8A) . When NLS± EXD expression was driven by the dpp-GAL4, the eyes and antennae were not affected, but the femur and tibia leg segments were deformed (Fig. 8B) . These results con®rm that nEXD alone is not suf®cient to affect eye and antenna development, while part of its effect on leg development does not require HTH. The leg phenotypes caused by DHD and NLS±EXD are not the same: DHD affected the distal segments (Fig. 7E ) and NLS±EXD affected the medial segments (Fig. 8B) . Even when induced at 298C, NLS±EXD did not affect the distal segments (not shown). The difference in phenotype suggests that some effect on leg development also require the contribution from HTH, but does not require its HD.
The KRDK and IL/AA mutants caused a weaker phenotype than full-length HTH: eyes ranged from reduced size to complete absence, and the aristae were variably reduced ( Fig. 7G±J ; data not shown). While the DNA-binding assay did not show any defect in these two single mutants, the two-hybrid assay and the in vivo assay appeared to be more sensitive to the mutants' partial loss-of-function. The leg phenotype caused by KRDK and IL/AA was about as strong as that caused by full-length HTH, suggesting that leg development is more sensitive to the reduced EXD±HTH interaction than antenna and eye. The two double mutants, KI and KDHD, completely lost the ability to affect eye and antenna development (Fig. 7L and data not shown), but caused a weak leg phenotype: the distal segments were shorter or fused (Fig. 7K) . Since KI and KDHD can stabilize EXD, it is possible that in these cases a small amount of EXD was imported into the nucleus and resulted in the leg defect.
Because DHD interacts with EXD but lacks a HD, we tested whether it showed dominant negative effects. When expressed in a wild-type background (driven by dpp-GAL4), no effect similar to the loss-of-function hth or exd phenotype was detected. However, when coexpressed with HTH (driven by dpp-GAL4), DHD partially blocked the HTH activity: whereas HTH completely abolished the adult eyes with near complete penetrance (1/36: one small eye formed in 36 eye ®elds), coexpression with DHD resulted in a signi®cant increase in the number of¯ies with partial eye development (12/44). DMH does not cause any dominant negative effect (0/32), consistent with its lack of interaction with EXD. Similarly, KI and KDHD, which have much reduced af®nity with EXD, do not exhibit dominant negative effect (1/42 and 0/40, respectively).
Human PREP1 also promote EXD nuclear localization in¯y
The human PREP1 (also called PKNOX1) gene is a more distantly related member of the Meis family (Chen et al., 1997; Berthelsen et al., 1998a) . PREP1 can form a complex with PBX1 or with PBX and HOXB1 (Berthelsen et al., 1998b,c) . We tested whether PREP1 can interact with EXD and induce EXD nuclear localization in¯y. We used the same GAL4-UAS system to drive expression of transgenic human PREP1 (hPREP1) in Drosophila. Similar to HTH, the hPREP1 induced EXD nuclear localization in salivary gland (Fig. 9A ) and in imaginal discs (Fig. 9B) .
Ectopic expression of hPREP1 in¯y caused developmental defects similar to those caused by HTH, but the effect was much weaker. Induced at 258C by dpp-GAL4, HTH completely abolished eye development (Fig. 9C) , but hPREP1 only caused at most a mild reduction of eye size (Fig. 9D ). Induction at 298C (stronger GAL4-dependent induction) of hPREP1 expression caused the same type of antenna and eye phenotypes as HTH expression (Fig. 9E ), but the effect was weaker than HTH induction at 258C. The leg phenotype was most sensitive and showed a strong phenotype at 258C while the eye and antenna appeared normal (Fig. 9D) .
Discussion
Our in vitro DNA binding and yeast two-hybrid experi- ments demonstrated that EXD and HTH have physical interaction. Analysis of deletion and mutant HTH proteins identi®ed the MH domain as the major site of interaction with EXD. The EXD±HTH interaction is essential for the proteins' cooperative DNA binding, for EXD nuclear localization and for the stabilization of both proteins.
3.1. Some functions require both nEXD and nHTH, while some require only nEXD hth and exd mutant clones caused nearly identical phenotypes in adult¯y (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995; Pai et al., 1998) , suggesting that these two genes function in the same regulatory pathway. Since HTH apparently acts upstream of EXD by activating its nuclear localization (Rieckhof et al., 1997; Kurant et al., 1998; Pai et al., 1998) , it is possible that the only function of HTH is to bring EXD into the nucleus.
We directly tested this possibility using an HTH mutant that lacks the HD (DHD). DHD retains the MH domain to interact with EXD and is suf®cient to induce EXD nuclear localization. However, DHD cannot exert two major in vivo effects, mainly the suppression of eye and distal antennal development. In addition, DHD exhibit dominant negative effect in partially blocking the eye-suppressing activity of HTH. These results indicate that the HTH HD is required to affect eye and antenna development and that nEXD alone is not suf®cient. We also showed that a constitutively nuclear EXD (NLS±EXD) does not affect eye and antenna development (Fig. 9) , con®rming that nEXD alone is not suf®cient for these in vivo functions. Casares and Mann (1998) also reported that a constitutively nuclear EXD failed to induce ectopic antennal development as can HTH, again suggesting Fig. 7 . Ectopic expression phenotypes of HTH mutant proteins. The HTH mutant constructs were driven by the dpp-GAL4 to express in imaginal discs. (A±C) DMH caused no morphological changes in eye, leg and antenna. (D±F) DHD caused no effect in the eye (D) or antenna (F), but caused an absence of distal leg segments and a short bifurcation at the tibia (E). (G±J) KRDK caused a variable reduction of the eye size (G,J), loss of arista from antenna (I), and missing, or occasional branching of the distal leg segments (H). IL/AA caused similar phenotypes (not shown). (K,L) KI caused no effect in eye (not shown) or antenna (L) but caused shortening or fusion of the tarsal segments in leg (K). KDHD caused similar phenotypes (not shown).
that the ectopic antennal development requires both nEXD and nHTH. Because HTH and EXD show cooperative DNA binding in vitro (Fig. 6) , it is likely that nHTH and nEXD activate target gene(s) by cooperative DNA binding. In addition, HTH may also contribute to EXD activity without itself binding to DNA, because MEIS/PREP1 can enhance the DNA binding of PBX±HOX but does not require MEIS/ PREP1 DNA binding (Berthelsen et al., 1998c; Shen et al., 1999) . Our in vivo analyses suggest that HTH without its HD can still contribute to EXD activity (compare leg phenotype due to DHD and NLS±EXD).
In contrast, defects in the medial leg segments can be caused by nEXD alone (Fig. 8) , suggesting that some effects do not require HTH. Gonzalez-Crespo and Morata (1996) showed that strong induction (using a Dll-GAL4) of exd expression in the distal region of leg discs, where there is no HTH, blocks distal leg development. Presumably in these cells, at high expression level, EXD can enter the nucleus in the absence of HTH, as also found for S2 cells (Abu-Shaar et al., 1999) , and is suf®cient to suppress distal leg development.
In summary, our results distinguished three types of in vivo functions: (1) the effects on eye and distal antennal development require both nEXD and nHTH (with its HD), (2) the effect on distal leg development require both nEXD and nHTH, but the HTH HD is not required, and (3) the effect on medial leg development require only nEXD. Our analyses did not address whether nHTH can have functions independent of nEXD.
HTH as a transcription (co)factor
HTH has an HD with high sequence conservation , suggesting that the HD can be functional. The HD probably participates in transcriptional regulation in several ways: (a) binding to DNA alone, (b) binding to DNA in combination with EXD, (c) binding to DNA in combination with HOX proteins, and (d) forming a HTH±EXD±HOX ternary complex. These are discussed below.
In our EMSA condition, HTH and EXD alone showed no DNA binding activity. Similarly, it was reported that MEIS1, PBX1, and PREP1 alone do not bind DNA (Knoep- Fig. 9 . Human PREP1 induced EXD nuclear localization and weakly affected eye and antenna development. (A) UAS-hPREP1 driven by the salivary gland-speci®c B19-GAL4. Anti-EXD staining (green) showed nuclear localized EXD. (B) UAS-hPREP1 driven by a dpp-GAL4. The dpp-GAL4 domain was roughly represented by a dpp-lacZ (stained by anti-b-GAL in red; b-GAL is cytoplasmic). In the central region of the antennal disc, EXD is normally cytoplasmic. But in the presence of hPREP1, EXD (green) was nuclear in the dpp domain (white arrowhead). (C) Adult phenotypes due to dpp-GAL4 driven UAS-hth expression. (D±E) Adult phenotypes due to dpp-GAL4 driven UAS-PREP1 expression. (D) At 258C, the distal leg segments were missing or fused, occasionally with short bifurcation. The eye and antenna were normal. (E) At 298C, the eyes were reduced and the arista was often missing. The leg phenotype is similar to that in D. Fig. 8 . Constitutively nuclear EXD alone does not affect eye and antenna development. (A) NLS±EXD induced by GMR-GAL4 appeared nuclear (detected by anti-FLAG antibody: green). Anti-HTH antibody detected endogenous HTH (red). No HTH was induced by NLS±EXD. (B) dpp-GAL4-driven NLS±EXD expression did not cause eye reduction and arista loss, as in HTH induction. However, weak effect on leg segments is seen (arrows). ¯er et al., 1997; Bischof et al., 1998) . However, other reports showed that, using EMSA and PCR selection method, MEIS1 alone can bind to speci®c DNA target sites (Chang et al., 1997; Shen et al., 1997) . The binding is relatively unstable, because when HOX is present, HOX stabilizes the DNA binding and MEIS1±HOX cooperative binding dominates over the MEIS1 monomer binding (Shen et al., 1997) .
Our results showed that EXD±HTH can form a heterodimer and bind DNA. Similarly, MEIS1 and PREP1 can heterodimerize with PBX1 and bind to different DNA targets (Knoep¯er and Kamps, 1997b; Knoep¯er et al., 1997; Berthelsen et al., 1998b) . PBX1±MEIS1 heterodimers bind bipartite, unspaced DNA sites with PBX1 recognizing the 5 H half site (TGAT) and MEIS1 binding to the 3 H half site (TGAC) (Chang et al., 1997; Knoep¯er and Kamps, 1997b) . Our EMSA result showed that HTH±EXD can bind to the same DNA sequence. Because PBX±MEIS1, PBX±PREP1 and EXD±HTH complexes can bind DNA in the absence of HOX proteins, these complexes may have HOX-independent functions. In Drosophila, there is no Hox gene known to be expressed in the eye-antenna disc proper (see references cited in Yao et al., 1999) . Thus our results show that the speci®cation of antennal development and suppression of eye development may be functions of EXD±HTH in the absence of HOX.
hth may also interact with Hox genes. hth is required for the proper patterning of the abdominal chordotonal neurons in embryo , which also depends on the abd-A Hox gene. hth does not affect the expression of abd-A, and may act by modulating abd-A activity . Whether the activity modulation is due to a direct HTH±ABD-A interaction is not clear. MEIS1 can form heterodimers with ABD-B-like Hox proteins (e.g. HOXA9) and bind to a DNA target containing a 5 H half site for MEIS1 and a 3 H half site for HOX (Shen et al., 1997) . This interaction can be physiologically signi®cant, as the MEIS1±HOXA9 complex can transform hemopoietic cells (Kroon et al., 1998) . The MEIS1±HOX interaction is speci®c in that MEIS1 interacts with only HOX proteins from paralog groups 9±13 (Shen et al., 1997) , whereas PBX1 interacts with only HOX proteins from paralog groups 1±10 (Chang et al., 1996) . Thus some HOX may use PBX as a cofactor and some use MEIS1 as a cofactor. PBX and MEIS1 may then act on different target genes.
Since PBX uses different regions to interact with HOX and with MEIS1/PREP1, PBX can simultaneously interact with both HOX and MEIS1/PREP1 and form a ternary complex (Berthelsen et al., 1998c; Jacobs et al., 1999; Shen et al., 1999) . MEIS/PREP1 can either enhance the DNA binding of PBX±HOX (Berthelsen et al., 1998c; Shen et al., 1999) , or also participates in DNA binding (Jacobs et al., 1999) . Given the similarity of HTH to MEIS1 and PREP1, we expect that HTH can also participate in forming such a ternary complex.
Evolutionary conservation of interaction motifs
The interaction between EXD/PBX and HTH/MEIS1/ PREP1 is evolutionarily conserved. PREP1 can induce PBX1 nuclear localization (Berthelsen et al., 1999) . Upon retinoic acid induction, the level of PBX proteins is enhanced due to a post-transcriptional mechanism (Knoeper and Kamps, 1997a) , possibly due to stabilization by MEIS1. The vertebrate genes are functionally interchangeable with invertebrate genes. The vertebrate MEIS1 can cooperatively bind EXD and CEH-20 (Bischof et al., 1998) . MEIS1 and PREP1 can substitute HTH to induce nEXD (Rieckhof et al., 1997; Berthelsen et al., 1999 ; this study). PBX1 can also substitute EXD to bind to HTH and cause nuclear localization of both (Berthelsen et al., 1999) . These interactions involve conserved motifs.
For the MEIS family, an N-terminal region encompassing the conserved MH domain is required for the interaction. In MEIS1, the conserved M2 motif (143±161) in MH and a region upstream of the MH domain (R31±A60) are required (Chang et al., 1997; Knoep¯er et al., 1997) . In PREP1, the MH domain is required (Berthelsen et al., 1998b) . For HTH, our results show that both the M1 and M2 motif in MH play a part in the interaction. TGIF is another protein with a TALE homeodomain distantly related to the MEIS family (Bertolino et al., 1995) . TGIF lacks the MH domain and does not interact with PBX (Knoep¯er et al., 1997) .
For the PBC family, interaction with MEIS1 and PREP1 requires an N-terminal region but not the HD in PBX1 (Chang et al., 1997; Knoep¯er et al., 1997; Berthelsen et al., 1998c) . The PBX1 N-terminal region has a conserved PBC motif, which is bipartite (PBC-A and PBC-B) (Burglin and Ruvkun, 1992) . The PBC-A domain in PBX1 and EXD is required for interaction with MEIS1/PREP1 and HTH, respectively (Chang et al., 1997; Knoep¯er et al., 1997; Berthelsen et al., 1998c; Abu-Shaar et al., 1999) .
Experimental procedures
Fly stocks
B19-GAL4 (gift from Steve Beckendorf) was used for driving expression in the salivary gland. dpp-GAL4 was a gift from Jessica Treisman. ovo D2 FRT(18D)/Y; hs-FLP 38 and y exd XP11 FRT(18D)/FM7, sn were from Rob White. All UAS-hth mutants, UAS±FLAG±NLS±EXD and UAS± hPREP1 transgenic¯ies were generated by standard germline transformation. Several independent transformant lines for each construct were tested to eliminate possible position effects.
Clonal analysis
To generate exd mutant clones, ovo D2 FRT(18D)/Y; hs-FLP 38 were mated to y exd XP11 FRT(18D)/FM7, sn. The F1 larvae were heat shocked (378C, 1 h) at 1st instar (24±48 h after egg laying) to induce mitotic recombination. Eyeantennal discs were dissected from 3rd instar larvae and stained with rabbit-anti-HTH and rat-anti-EXD.
Immunohistostaining
The primary antibodies used include rabbit anti-HTH at 1:200, rat anti-EXD at 1:400 (GonzalezCrespo and Morata, 1995), monoclonal anti-EXD at 1:2 (Aspland and White, 1997), and mouse anti-FLAG M2 monoclonal antibody at 1:1000 for eye disc and 1:400 for S2 cells (Kodak Co.). The secondary antibodies were FITCconjugated anti-rabbit antibody at 1:200 and Cy5-conjugated anti-mouse antibody at 1:200. SYTOX (Molecular Probes Co.) at 0.1 mM was used to stain DNA. Confocal microscopy was performed on a Zeiss 310 confocal microscope. Images were processed using Photoshop 4.0 (Adobe Systems).
HTH mutants and NLS±EXD construction
The full-length hth #7 cDNA was digested by BstEII and BspMI, then blunt ended by exonuclease, and self ligated. This deletion of the BstEII±BspMI fragment removed residues 31±312 (including the MH domain) from the HTH protein, which was named DMH. For the DHD, the hth #7 cDNA was digested by NdeI and ®lled in by Klenow polymerase. This deletion of the NdeI fragment removed residues 299±459 from HTH. Site-directed mutations in HTH were introduced in cDNA using the Mutagene phagemid in vitro mutagenesis kit. The two double mutants were recombined from the single mutants via the SalI site between the M1 and M2 motifs. All mutant proteins were detected by the anti-HTH antibody in Western blot (not shown).
DNA fragment containing FLAG tag sequence (NH 2 -Met-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-COOH) and polylinker sequence was excised from plasmid pFLAG± CMV-2 (KODAK Co.) and ligated in-frame with DNA fragment encoding EXD in pAct5C vector for the expression of FLAG-tagged EXD under the control of Act5C promoter. Subsequently, oligonucleotides 5
H -AGCTCGATCCAAAA-AAGAAGAGAAAGGTAG-3 H and 5 H -AGCTCTACCTT-TCTCTTCTTTTTTGGATCG-3
H which encodes the SV40 T antigen nuclear localization signal were synthesized, annealed and inserted in frame into FLAG±EXD to make the construct pAct/FLAG±NLS±EXD. Plasmid pAct/ FLAG±NLS±EXD was con®rmed by DNA sequencing and the expression of nuclear form EXD was con®rmed by immunostaining by anti-FLAG mouse M2 antibody. Finally, DNA fragment containing FLAG±NLS±EXD was excised from pAct/FLAG±NLS±EXD and ligated with pUAST vector for the construct pUAST/FLAG±NLS±EXD.
GST pull-down assay
A GST±EXD fusion protein was generated in the pGEX± KG vector (Pharmacia). GST±Exd or GST were expressed in Escherichia coli according to Pharmacia. The HTH proteins were expressed by in vitro transcription-translation (Promega TNT SP6 Coupled Reticulocyte Lysate System) with [ 35 S]methionine labeling. Equivalent amount of the synthesized HTH proteins, as estimated from SDS±PAGE and autoradiography, were added to GST±EXD protein and incubate at 48C for 1 h. Glutathione Sepharose 4B (Pharmacia) beads were added and incubated at 48C for 1 h. The beads were washed three times with binding buffer (50 mM potassium phosphate buffer, pH 7.5, 150 mM KCl, 1 mM MgCl 2 , 10% glycerol and 1% Triton X-100). The bound proteins were analyzed by SDS±PAGE and autoradiography.
Yeast two-hybrid assay
The plasmids used for the two-hybrid assay were constructed on pGAD424, pAS2 and pAS2-1 vectors from Clontech. The HTH constructs were inserted into the BamHI site and in frame with the DNA binding domain or activation domain of the GAL4 protein. The pAS2±EXD construct (Johnson et al., 1995) was a gift from Mark Krasnow. All HTH constructs were co-transformed with full-length EXD into Y190 yeast strain. The b -galactosidase activity of the yeast transformants were assayed by the enzymatic conversion of (a) X-gal in agar plates and (b) ONPG in mid-log phase liquid culture (Bartel et al., 1993) . OD 420 was measured after incubating with ONPG at 378C for appropriate times. The values of OD 420 were normalized by the OD 600 and reaction time (Bartel et al., 1993) . Four independent transformant colonies were assayed for each construct.
Electrophoretic mobility shift assay (EMSA)
The double-stranded oligonucleotide was labeled with [ 32 P]ATP by phosphorylation of a reverse primer that was annealed to the 3 H portion of the oligonucleotide containing the DNA-binding motif, and then ®lled-in using dNTPs and Klenow polymerase. Bound and free probes were separated by electrophoresis. EMSA gels were dried and visualized by autoradiography. Abundance of mutant and wild-type proteins was normalized by performing parallel transcription reactions in the presence of [ 35 S]methionine. EMSA for EXD±HTH was performed using 20±40 000 cpm of probe, 3±8 ml of in vitro translated proteins, and 0.2 mg of poly(-dI:dC) in a buffer containing MgCl 2 and 12% glycerol for 30 min at room temperature.
Note added in proof
While this paper was under review, a paper by Ryoo et al. with similar conclusions was published (Regulation of Hox target genes by a DNA bound Homothorax/Hox/Extradenticle complex, Development, 126 (1999) 5137±5148.).
